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ABSTRACT
Thinness and placement-insensitivity are necessary qualities for RFID and
wearable antennas as well as those used in many other applications. An
antenna can be made indifferent to the material on which it is placed by
shielding it with a conductive back plane. Slot antennas and planar dipole
antennas are common choices for thin, placement-insensitive designs. They
can be manufactured in a very economical fashion because both feed con-
nections are on the same plane. However, when the conductive back plane
is applied to a thin slot or dipole antenna, the bandwidth is significantly
reduced. In the case of the slot antenna, this bandwidth reduction is due in
part to reactive energy stored in parallel plate modes. The stored energy can
be reduced by treating the edge of the ground plane with serrations. Our pri-
mary goal is to show the design trade-offs between bandwidth and thickness
for the conductor-backed, serrated slot antenna. In our analysis we use simu-
lations which we validate through measurements. Two bandwidth measures,
L-network matched and intrinsic, are used to evaluate impedance bandwidth
across many design variations. Finally, the far-field radiation is investigated
to shed light on the underlying mechanisms affecting impedance.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
Radio-frequency identification (RFID) antennas are thin in order to be flex-
ible, manufactured using a minimal amount of material, and applied easily
in a peel-and-stick manner. Minimizing the thickness also makes them less
prone to breakage when the tagged object is handled. Similarly, it is impor-
tant for wearable antennas to be flexible, economical, and physically robust.
Also, they are more appealing to garment designers if they can be embedded
in an unobtrusive manner. Reducing thickness generally serves to improve
the wearable antenna in all these aspects.
In addition to being thin, it is advantageous for RFID and wearable anten-
nas to permit operation near a conductive back plane. The RFID antenna
is in this scenario whenever it is installed on a conductive object. There are
also advantages if an antenna is constructed with its own conductive back
plane as part of the design. The back plane shields the antenna from the
effects of the material where it is installed, making it placement-insensitive
as described by [1] and demonstrated by [2]. The conductor-backed RFID
antenna would function similarly when installed on a wide range of dielectric
and conductive materials. In the case of a wearable antenna, a conductive
back plane would serve to shield the antenna from the effects of garment
movement as the antenna’s proximity to the body underneath changes.
When a planar antenna is placed very near (i.e., much less than one-quarter
of a wavelength) to a conducting back plane, the antenna effectiveness is de-
graded. The impedance is lower in the presence of the conductor, and conse-
quently, the radiation efficiency is reduced [3]. Also, the bandwidth decreases
due to the increased coupling between the antenna currents and their images
on the back plane [4]. Reductions in bandwidth and efficiency have significant
consequences. RFID operates on a range of sub-bands within a relatively
wide spectrum allocation [1]. It is often required that the RFID antenna
have sufficient bandwidth to operate across multiple sub-bands. At the same
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time, personal communication devices are supporting ever-increasing data
rates, driving up the bandwidth requirements for wearable antennas. The
antenna efficiency directly affects the power requirements and data through-
put of a system. If the efficiency is reduced, more power must be transmitted
to maintain communications over a given distance. As devices are miniatur-
ized, power consumption is critically important and efficient radiation by the
antenna is imperative. In the case of passive RFID, there are typically limits
on the power output by the tag reader. Therefore, the read range suffers
when the antenna efficiency is reduced.
Common types of thin antennas used for RFID are planar dipoles (open-
ended or folded), patches, and planar inverted-F antennas (PIFAs). Many
design variations on each have been proposed [1]. The planar dipole has a
distinct advantage over a PIFA or a patch in that it is a single-layer device.
This is not the case with the patch, where the feed must connect with both
the top side conductor and the ground plane. The top-to-bottom connection
is typically accomplished by drilling and metal-plating the hole to create a
via. The PIFA has a similar feed configuration to the patch and additionally
requires a shorting pin connection between the top side conductor and the
ground plane. In contrast, both feed connections of the dipole are on the top
side, and no vias are required. This simplifies the manufacturing process and
reduces the cost significantly.
Dipole and slot antennas have similar radiation properties because they
are duals of one another in free space [5]. Like the dipole, the slot can be
constructed on a single layer, without drilling or vias. Near a ground plane
the slot suffers due to reactive energy trapped in parallel plate modes. This
stored energy reduces both bandwidth and radiation efficiency. It has been
shown by [4] that applying serrations to the ground plane of the slot antenna
allows the energy in the parallel plate modes to escape. The result is an
antenna that outperforms the dipole for a given height above the conductive
back plane [4].
Our goal in this work is to determine the effect that ground plane serra-
tions have on impedance bandwidth and radiation for different ground plane
spacings. These antenna performance parameters are considered for anten-
nas with and without ground plane serrations. The research described here
provides insight into the trade-offs encountered when designing a conductor-
backed slot antenna.
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In Chapter 2 we explore models that give insight into the impedance be-
havior, and we employ computer simulations to predict antenna performance
for a variety of configurations. In Chapter 3 we validate the simulations
by constructing and measuring several sample antennas. In Chapter 4 the
impedance bandwidth is evaluated and the associated design trade-offs are
reported. The investigation of radiation characteristics is covered in Chapter
5, and the findings are discussed. Finally, we conclude with a review of the
contributions of this work and discuss areas for future research.
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CHAPTER 2
MODELING AND SIMULATION
Antenna performance can be assessed by constructing a sample and measur-
ing its radiation and impedance characteristics. However, considering a range
of configurations would require a sample to be constructed for each. It is cost-
prohibitive to build a large number of antennas. Instead, we can use mathe-
matical and computer models to predict the radiation and impedance char-
acteristics. The predictive capability of these models must be verified with
measurement, and this verification will be discussed in Chapter 3. This chap-
ter describes the predictive models used for two aspects of the antenna, the
slot and the parallel plates, and the computational electromagnetic (CEM)
simulation used to predict the performance of the antenna as a whole. Di-
agrams of the complete structures, with and without serrations, are shown
in Figure 2.1. Each structure consists of two conductive sheets, the ground
plane and the back plane. The ground plane has length, l, and width, w. A
slot with length, ls, and width, ws, is cut in the center of the ground plane.
In the case of the antenna with a serrated ground plane (Figures 2.1(b) and
2.1(d)), the serrations are applied on the two edges parallel to the slot. The
serration notches have width, p, at the ground plane edge and are cut in from
the edge to a depth of d. The back plane is a rectangle with width, w, and
length, l, that is aligned and parallel with the ground plane at a distance, h.
Practical implementations of the conductor-backed slot antenna are typ-
ically built on a substrate with a permittivity greater than unity [6, 7, 8].
However, here we are primarily concerned with the effects of the serrations
so no substrate was included. In other words, the space between the ground
plane and back plane is filled with air.
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2.1 Parallel Plate Modes
When the slot is radiating near a conducting back plane, parallel plate modes
are excited between the ground plane and back plane [6]. The edges of the
ground plane create an abrupt transition between the parallel plate wave
impedance and the wave impedance of free space. At this transition, much
of the energy is reflected, creating a resonant cavity that stores energy. The
parallel plate modes alter the input impedance of the antenna and the ad-
ditional energy stored in the cavity results in a reduced antenna bandwidth.
Ground plane serrations were added in [2] to smooth the transition between
the parallel plate guide and free space, letting the otherwise trapped energy
escape.
When serrations are used, we can gain some insight into the effect of back
plane spacing by considering the wave impedances of the parallel plate modes.
If we assume that the serrations provide a perfect transition from the parallel
plate guide to free space, there will be no reflected wave returning to the
input. There will be some reflections from the serrated edge in reality, but
for the analysis of parallel plate input impedance we will assume that the
reflections are small enough to be ignored. When there is no reflected wave,
the input impedance looking into the parallel plate waveguide is equal to the
wave impedance of the guided mode. For two parallel plates with width W
separated by a distance d, there is a TEM mode with wave impedance ZTEM
as well as TM and TE modes with impedances ZTM and ZTE respectively.
These wave impedances are given by [9] as
ZTEM =
ηd
W
ZTMn =
η
√
k2 − (npi
d
)
k
ZTEn =
ηk√
k2 − (npi
d
)
where η is the free space wave impedance, k is the wavenumber, and n is the
mode number.
As the spacing between the plates is reduced, the wave impedance of the
TEM mode decreases, along with the input impedance looking into this
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guided mode (recall that the input impedance is equal to the guided wave
impedance in the case where the serrations ensure no reflections). The input
impedance to the ZTMn modes will decrease with decreasing plate spacing,
up to the point where the mode enters cut-off. The ZTEn modes, on the
other hand, will increase in impedance with decreasing d. Apart from any
changes to the coupling between the antenna feed and the input to the paral-
lel plate guide, the decrease in input impedance will result in increased power
entering the TEM mode as well as the TM modes that are not in cutoff. In
other words, it is expected that the serrations will become increasingly im-
portant as the spacing is reduced. On the other hand, an analysis of the guide
impedance gives no insight into the parallel plate mode input impedance in
the unserrated case. When serrations are not present, the impedances seen
at the input to the guided modes can be expected to vary significantly with
frequency and ground plane size because of large reflections from the end of
the guide. Also, we have not addressed the coupling between the slot and
these guided modes. The strength of this coupling will also play an important
role in determining the impact which the serrations will have on radiation
and impedance bandwidth.
2.2 Slot Antenna in Free Space
Transmission line models can be used to predict slot antenna impedance
[10, 11, 12]. In these models, the source feeds two parallel branches of trans-
mission line whose conductors are the opposing edges of the slot. Each branch
has a length equal to the distance from the feed to an end of the slot. The
transmission lines are shorted at the ends, representing the conductive ends
of the slot. The effect of radiation from the slot is modeled as loss along
the length of the slot [11, 12]. The transmission line model provides key
insights into the reactive and dissipative mechanisms of the antenna that
give rise to the overall impedance behavior. The transmission line models of
past work were studied to gain these insights, but they were not reproduced
in this work. Instead, a simulation was used to generate a baseline for the
impedance behavior of the slot configuration presented here. The design fre-
quency, f0, was 3.9343 GHz (λ = 76.2 mm) for all antennas in this work.
Lengths are presented in terms of λ and frequencies in terms of f0 because
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the results are generally applicable to a broad range of design frequencies.
In order to observe the impedance behavior apart from the effects of the
back plane, a slot antenna in free space was simulated using HFSSTM [13].
The position of the feed along the slot was varied. The feed offset, o, is the
distance from the center of the slot to the point where the coaxial cable is
connected across the slot as shown in Figure 2.2. When o = 0, the feed is
positioned at the center of the slot. The simulated impedance is shown in
Figure 2.3. The tuning effect of the feed offset can be observed from the
resistance plot (Figure 2.3(a)). The peak resistance is slightly more than
500 Ω for a centered feed, and it decreases to 60 Ω for o = 0.21λ. It can
be seen from the reactance plot (Figure 2.3(b)) that the resonance occurs at
h < f0 when o < 0.13λ. For o ≥ 0.13λ the inductance between the feed and
the near end of the slot dominates the impedance behavior, and as a result,
there is no resonance.
2.3 Slot Antenna Near Conductive Back Plane
In addition to the CEM model for the stand-alone slot antenna, a second
model including the back plane and a third with a back plane and serrated
ground plane were also constructed. Each model was defined in a paramet-
ric manner, using variables for all key dimensions, so that they could be
simulated in a range of configurations.
The ground plane was placed in the x–y plane with the center of the slot
at the origin. For the models with a back plane, the back plane was placed
at position z = −h below the ground plane. As a result, the main beam
points in the +z direction. A lumped port was placed across the slot to serve
as the excitation. The port was offset from the center of the slot in the +y
direction by a variable length, o. The simulation frequency range of interest
was centered at f0 and spanned a 25% bandwidth (0.875f0 ≤ f ≤ 1.125f0).
Zero-thickness sheets of perfect electric conductor were used for all metal
in the models. A perfectly matched layer (PML) boundary 1λ thick and a
minimum of 1λ from the antenna was used to truncate the spatial domain
of the simulation. All three models are symmetric in the y–z plane so they
were cropped and a symmetry plane was enabled to reduce simulation time.
Also, two geometric regions surrounding the slot were isolated and configured
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for a smaller starting mesh size. This manual mesh refinement reduced the
number of iterations required for convergence. The geometry modeled in
HFSSTM can be seen in Figure 2.4.
The models were configured to converge based on deviation in the magni-
tude of reflections (max (|∆S11|)) at the input port. After initially using the
default convergence criterion (max (|∆S11|) < 0.02), it was found that the
impedance solution was not sufficiently converged for accurate bandwidth
calculations. The criterion was adjusted to one twentieth of the default
(max (|∆S11|) < 0.001), and in limited cases where the run-time was very
long it was relaxed to max (|∆S11|) < 0.004. It was observed that both set-
tings permitted accurate bandwidth calculations. Impedance plots, radiation
patterns, near-field distributions, and current distributions were displayed in
HFSSTM using the built-in visualization capabilities. The impedance data
was processed externally for comparing with measurement and calculating
impedance bandwidth. The results will be presented in Chapter 4.
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2.4 Figures
(a) Normal ground plane. (b) Serrated ground plane.
(c) Normal ground plane
(d) Serrated ground plane.
Figure 2.1: The top view ((a) and (b)) and side view ((c) and (d)) of the
antennas.
Figure 2.2: A diagram of the feed offset parameter, o.
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Figure 2.3: The impedance of a slot antenna with w = l = 4λ, ls =
λ
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, and
ws =
λ
30
as a function of feed offset, o.
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(a) Normal ground plane.
(b) Serrated ground plane.
Figure 2.4: The HFSSTM models configured with w = 3λ
4
, l = 4λ, ls =
λ
2
,
ws =
λ
30
, and h = λ
5
. For the serrated ground plane, p = λ
8
and d = λ
4
. The
PML boundaries and symmetry planes are hidden so that they do not
occlude the antenna structures.
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CHAPTER 3
CONSTRUCTION AND MEASUREMENTS
3.1 Slot Antenna Construction
A slot antenna with normal ground plane (Figures 2.1(a) and 2.1(c)) was
constructed from copper foil mounted on rigid, low-permittivity foam. The
dimensions of the ground plane were w = l = 4λ. The dimensions of the slot
were ls =
λ
2
and ws =
λ
30
. A second antenna with a serrated ground plane
(Figures 2.1(b) and 2.1(d)) was constructed in the same manner and with
the same dimensions. The serration dimensions were p = λ
8
and q = λ
4
. For
both antennas the metal thickness was 0.005λ or less, much smaller than the
smallest dimension of the antenna, slot width (ws =
λ
30
). This ensured that
the metal could be modeled as a zero-thickness sheet in simulations.
The foam used was 25.4 mm ROHACELL R© 71 HF. A relatively thick foam
was selected so that it would be rigid and flat. The relative permittivity for
this foam is specified to be between 1.07 and 1.11 at the measured frequencies,
and the loss tangent is less than 0.0016 [14].
Both slot antennas were fed an offset from the center of the slot, o = 0.13λ.
A range of offsets were simulated as discussed in Section 2.3, and 0.13λ was
selected because it exhibited impedances near 50 Ω. In these special cases, the
antenna would not require a matching network when used in 50 Ω systems.
Semi-rigid coaxial cable, type RG405[15], was used to feed the antenna. One
end of the cable was connected across the slot as shown in Figure 3.1. To
make this connection, the outer conductor was soldered to one side of the slot,
and the center conductor was extended across the slot and soldered at the
other side. The slot antenna is a balanced structure while a coaxial cable is
unbalanced. As a result, care must be taken to minimize the currents on the
exterior conductor of the cable. A balun like that described by Dyson in [16]
was implemented by soldering the coaxial cable to the ground plane along
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the full length of the cable (Figure 3.1). This ensured that the otherwise
problematic currents are distributed on the ground plane rather than being
concentrated on the exterior of the cable. When mounting the ground plane
to the foam, a groove was cut in the foam for the coaxial cable. It was
important that the foam and the cable be on the same side of the ground
plane so that neither would be in the cavity between the ground plane and
back plane. This permitted the back plane and ground plane to be configured
with very small spacings between them and also minimized unwanted effects
from the cable by keeping it out of the region where fields and currents were
strongest.
3.2 Adjustable Back Plane
The back plane was a thin, square sheet of copper with sides of length 4λ. The
back plane was mounted on acrylic. Low-permittivity foam was unnecessary
because the mounting material could be placed away from the ground plane.
Since the back plane is solid, the fields and currents of significant strength
are confined to the side adjacent to the ground plane. In contrast, low-
permittivity foam was required for the ground planes because they have
cut-outs for the slot and serrations, allowing currents and fields to form on
both sides.
A support structure was constructed to hold the ground plane and back
plane. All materials used were dielectric in order to minimize the impact
of the support structure on the antenna measurements. The frame of the
structure was shaped from plastic pipe and four nylon threaded rods spanned
the frame as shown in Figure 3.2. Aligned holes were drilled in the corners
of the ground plane foam and the back plane acrylic. The planes were then
suspended from the threaded rods and fixed in place with nylon nuts and
washers. The acrylic and foam sides of the planes were positioned outward,
leaving an unobstructed air gap between them (Figure 3.3). The spacing
between the ground plane and back plane was precisely configured by turning
the nuts holding the planes in place.
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3.3 Impedance Measurements
The impedance of the stand-alone slot antenna (i.e., with the back plane
removed) was measured with a vector network analyzer. The constructed
antenna included a transmission line whereas the simulated antenna was ex-
cited by a voltage excitation placed directly across the slot. In order to
compare the simulated and measured impedances, the effect of the trans-
mission line was applied to the simulated impedance data. The impedance
looking into a lossy transmission line that is terminated in a load impedance,
ZL, is given by [17] to be
Zin = Z0
ZL + Z0 tanh (γ`)
Z0 + ZL tanh (γ`)
where ` is the line length, γ is the complex propagation constant that ac-
counts for losses, and Z0 is the characteristic impedance of the transmission
line.
The line length for the normal ground plane antenna was 2.38λ, and the
line length for the serrated ground plane was 4.15λ. The line was longer for
the serrated ground plane antenna because it had a bend so that it could
be connected along a non-serrated edge as shown in Figure 3.4. The dif-
ference in cable routing was not expected to have a noticeable impact on
impedance. This expectation was corroborated by the agreement observed
between the simulated and measured data. Since the simulation excludes the
cable structure, any substantial effect from the cable routing would have been
manifested in a difference between the measured and simulated impedance.
The transmission line equation was implemented as a MATLAB R© func-
tion. This function takes the simulated impedance data for the antenna
and calculates the impedance that would result if a transmission line with
length matching that of the measured antenna were added. The measured
and corrected simulation data is plotted on a Smith chart in Figure 3.5. The
resistance is plotted in Figure 3.6(a) and the reactance is plotted in Figure
3.6(b). There is good agreement between the measured and simulated re-
sults, indicating that the simulation is properly configured for predicting the
behavior of the antenna.
Impedance measurements were taken of the normal ground plane slot with
the back plane, using the adjustable back plane fixture. For the normal
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ground plane, the back plane was positioned λ
30
from the ground plane and
the impedance measurement was taken. The spacing was increased to λ
2
in
steps of λ
30
, and the impedance was measured at each step. The serrated
ground plane antenna was measured in the same manner.
The measured and simulated impedance data is shown in Figures 3.7-3.18.
For 0.1λ < h < 0.4λ, there is good agreement between the measured and
simulated data. As was the case for the antenna without a back plane, this
confirmed that the simulations were working properly for when the back
plane was included. In all cases, the amplitudes of the resistance at the
lower resonance were similar. The amplitude at the upper resonance was
larger in the case of the serrated ground plane. The resonant frequencies for
the normal ground plane were very similar to those of the antenna without
a back plane. For example, compare Figure 3.11(a) with Figure 3.6(a). In
the case of the serrated ground plane, the lower resonance was shifted up in
frequency while the lower was shifted down.
When the back plane was at a distance h = λ
2
or h < λ
10
, it was observed
that the impedance was very sensitive to back plane spacing. The foam on
which the ground plane was mounted had a slight bow. In the middle it
was slightly convex, bending away from the back plane by approximately
λ
30
. This small deflection was enough to significantly affect the agreement
between the measurement and simulation. For h = λ
2
, flexing the backplane
would cause the upper two resonances to shift downward in frequency. If
the backplane was sufficiently flexed, the measurement and simulated would
coincide almost perfectly. A case where the ground plane was flexed enough
to partially correct the deformity is shown in Figure 3.17(a). For the serrated
ground plane, a resonance observed at 1.01f0 in the simulation data is not
present in the measurement (Figures 3.17(b) and 3.18(b)). The foam used for
the serrated ground plane antenna was thicker. It exhibited less bow than the
normal ground plane foam, but it was also not completely flat. Unfortunately,
because it was thicker, it could not be flexed to see if the agreement between
measurement and simulated would improve. While the discussed effects are
interesting, the discrepancies at h = λ
2
were not investigated further because
smaller spacings (h << λ
2
) were of primary interest. For h < λ
10
, it was
concluded that the measurement setup would not be able give accurate results
due to the bow in the foam. However, the simulated results could be used at
these smaller spacings.
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3.4 Figures
Figure 3.1: The coaxial feed.
Figure 3.2: The adjustable antenna-mounting structure.
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Figure 3.3: The antenna with a serrated ground plane installed on the
adjustable mount.
(a) Normal ground plane. (b) Serrated ground plane.
Figure 3.4: The routing of the coaxial cable.
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(b) Reactance.
Figure 3.6: The impedance for the slot antenna with no back plane.
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(b) Serrated ground plane.
Figure 3.7: The resistance for h = λ
30
.
0.9 0.95 1 1.05 1.1−200
0
200
Frequency (f/f0)
R
ea
ct
an
ce
 (Ω
)
Free Space (No Backplane, Port Offset = 0.13λ)
 
 
Measurement
Simulation
0.9 0.95 1 1.05 1.1−500
0
500
Frequency (f/f0)
R
ea
ct
an
ce
 (Ω
)
Normal Groundplane (Backplane Spacing = 0.033λ, Port Offset = 0.13λ)
 
 
Measurement
Simulation
0.9 0.95 1 1.05 1.1−500
0
500
Frequency (f/f0)
R
ea
ct
an
ce
 (Ω
)
Serrated Groundplane (Backplane Spacing = 0.033λ, Port Offset = 0.13λ)
 
 
Measurement
Simulation
(a) Normal ground plane.
0.9 0.95 1 1.05 1.1−200
0
200
Frequency (f/f0)
R
ea
ct
an
ce
 (Ω
)
Free Space (No Backplane, Port Offset = 0.13λ)
 
 
Measurement
Simulation
0.9 0.95 1 1.05 1.1−500
0
500
Frequency (f/f0)
R
ea
ct
an
ce
 (Ω
)
Normal Groundplane (Backplane Spacing = 0.033λ, Port Offset = 0.13λ)
 
 
Measurement
Simulation
0.9 0.95 1 1.05 1.1−500
0
500
Frequency (f/f0)
R
ea
ct
an
ce
 (Ω
)
Serrated Groundplane (Backplane Spacing = 0.033λ, Port Offset = 0.13λ)
 
 
Measurement
Simulation
(b) Serrated ground plane.
Figure 3.8: The reactance for h = λ
30
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(b) Serrated ground plane.
Figure 3.9: The resistance for h = 0.1λ.
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(b) Serrated ground plane.
Figure 3.10: The reactance for h = 0.1λ.
20
0.9 0.95 1 1.05 1.10
200
400
Frequency (f/f0)
R
es
is
ta
nc
e 
(Ω
)
Free Space (No Backplane, Port Offset = 0.13λ)
 
 
Measurement
Simulation
0.9 0.95 1 1.05 1.10
200
400
600
Frequency (f/f0)
R
es
is
ta
nc
e 
(Ω
)
Normal Groundplane (Backplane Spacing = 0.200λ, Port Offset = 0.13λ)
 
 
Measurement
Simulation
0.9 0.95 1 1.05 1.10
200
400
Frequency (f/f0)
R
es
is
ta
nc
e 
(Ω
)
Serrated Groundplane (Backplane Spacing = 0.200λ, Port Offset = 0.13λ)
 
 
Measurement
Simulation
(a) Normal ground plane.
0.9 0.95 1 1.05 1.10
200
400
Frequency (f/f0)
R
es
is
ta
nc
e 
(Ω
)
Free Space (No Backplane, Port Offset = 0.13λ)
 
 
Measurement
Simulation
0.9 0.95 1 1.05 1.10
200
400
600
Frequency (f/f0)
R
es
is
ta
nc
e 
(Ω
)
Normal Groundplane (Backplane Spacing = 0.200λ, Port Offset = 0.13λ)
 
 
Measurement
Simulation
0.9 0.95 1 1.05 1.10
200
400
Frequency (f/f0)
R
es
is
ta
nc
e 
(Ω
)
Serrated Groundplane (Backplane Spacing = 0.200λ, Port Offset = 0.13λ)
 
 
Measurement
Simulation
(b) Serrated ground plane.
Figure 3.11: The resistance for h = 0.2λ.
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(a) Normal ground plane.
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(b) Serrated ground plane.
Figure 3.12: The reactance for h = 0.2λ.
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(a) Normal ground plane.
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(b) Serrated ground plane.
Figure 3.13: The resistance for h = 0.3λ.
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(a) Normal ground plane.
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(b) Serrated ground plane.
Figure 3.14: The reactance for h = 0.3λ.
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(a) Normal ground plane.
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(b) Serrated ground plane.
Figure 3.15: The resistance for h = 0.4λ.
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(a) Normal ground plane.
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(b) Serrated ground plane.
Figure 3.16: The reactance for h = 0.4λ.
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(b) Serrated ground plane.
Figure 3.17: The resistance for h = 0.5λ.
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(a) Normal ground plane.
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(b) Serrated ground plane.
Figure 3.18: The reactance for h = 0.5λ.
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CHAPTER 4
IMPEDANCE BANDWIDTH
Bandwidth is defined as “the range of frequencies within which the perfor-
mance of the antenna conforms to a specified standard with respect to some
characteristic” [18]. The impedance varies significantly with frequency for
the slot antenna near a back plane. As a result, the impedance bandwidth
is often a limiting performance factor for this antenna.
A simple matching network can match the antenna at one frequency and
more complex networks can be used to improve the match over a broader
bandwidth. However, there is a limit to the bandwidth that matching net-
works can provide, regardless of complexity. Since the impedance bandwidth
can vary with the type and complexity of matching network that is used,
we sought a simple means for comparing the bandwidth potential of differ-
ent antennas. Two approaches were used. The first was to choose a simple
matching network, the L-network, and assess each antenna in terms of the
bandwidth it can achieve with an ideal L-network. This is covered in Section
4.1. The second approach, which will be covered in Section 4.2, was to com-
pare the antennas in terms of their intrinsic bandwidth, a quantity closely
related to the antenna quality factor, or Q.
4.1 L-Network Matching
The L-network matching technique uses two reactive elements to transform
a load impedance to the complex conjugate of the source impedance. A
conjugate match ensures maximum power transfer from the source to the
load. In this work, 50 Ω was used as the source impedance, and all L-
networks were synthesized accordingly. There are two possible configurations
for an L-network. The series-left configuration is shown in Figure 4.1(a) and
series-right is shown in Figure 4.1(b). The series-left configuration is used
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when Rin < RL and the series right configuration is used when Rin > RL.
The series and parallel components can each be either an inductor (L) or
a capacitor (C). Depending on the load impedance, there will be up to 4
valid configurations (i.e., LL, LC, CL, and CC where the first letter of each
pair indicates the type of component for Z1 and the second letter is the
type for Z2). For the impedance bandwidth calculations, both elements were
considered to be lossless.
Simulations were performed with the back plane at different of heights.
The feed position affects the input impedance, so this parameter was also
varied in the simulations. The valid L-networks were synthesized at frequency
f0 for each configuration. The input reflection parameter, S11, at the input
to the matching network was calculated across the entire simulated frequency
range for each of the L-networks. Plots of the matched and unmatched S11
are shown in Figures 4.2 and 4.3. There were four possible L-networks for
the configurations in Figure 4.2 and only two possible L-networks for the
configurations in Figure 4.3. The different L-networks are very similar near
f0. They differ to a larger extent out of band. This can be seen in Figure
4.3(a). The CL L-network has higher values below f0 and the LC L-network
has higher values above f0. This is because the LC is a low-pass topology and
the CL is high-pass. From the plots it can also be observed that, as expected,
the bandwidth is much greater for h = 0.1λ than for h = 0.02λ. Another
interesting observation is that there is little difference between the matched
and unmatched traces in Figure 4.2(b). This is because the antenna input
impedance was approximately 50 Ω before a matching network was added.
This is a desirable attribute because it eliminates the need for a matching
network.
The bandwidth for S11 < −10 dB was calculated, and the maximum band-
width among the L-networks was recorded. These maximums are plotted
versus back plane distance in Figures 4.4 and 4.5. It was observed that the
serrated ground plane increases the bandwidth in most scenarios. Excluding
the exception at o = 0 and the outlying points at o = 0.13λ and o = 0.16λ,
the bandwidth advantage is at a minimum near h = 0.05λ and increases for
smaller and larger values of h. At o = 0, the serrated ground plane is clearly
advantageous for all considered values of h.
In the case of a matched antenna, both the matching network and the
antenna have an associated Q. The impedance bandwidth of the system will
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be dependent on both Q values. This is because Q is a function of the stored
energy, and both the antenna and matching network store energy. Therefore,
the combined system Q will be higher than either of the individual Q’s. For
the L-network, the Q of is given by [19] to be
Q =
√
Rbig
Rsmall
− 1
where Rbig and Rsmall are the larger and smaller values respectively between
Rin and RL. As the load resistance deviates further from the desired input
impedance, 50Ω, the L-network Q will increase. This is important to bear in
mind, because when the L-network Q is high enough, it will be the limiting
factor for system bandwidth. The impedance bandwidth at the input to
the L-network will no longer be a good indicator of the antenna impedance
bandwidth. To address this shortcoming, the “intrinsic bandwidth” was also
used to assess impedance bandwidth. Intrinsic bandwidth is discussed in the
following section.
4.2 Intrinsic Bandwidth
The intrinsic bandwidth of an antenna is defined in [20] as the bandwidth of
the antenna if it were matched with a single lumped element and an ideal
transformer. In [20], the antenna Q is calculated as a function of frequency,
directly from the impedance. The inverse of Q is then taken to be the intrin-
sic bandwidth. However, when assessing Q, it is assumed that the antenna
behaves like a single parallel or series RLC circuit. This is an effective ap-
proximation for an electrically small antenna as used by [20]. If the antenna
impedance is more complex (e.g., contains multiple resonances), Q is a less
applicable metric. With the combination of the slot, reflections from the
back plane, and multiple parallel plate modes, Q is not an effective tool for
assessing bandwidth for the antennas studied here. So instead of calculat-
ing Q, a method was developed to calculate the intrinsic bandwidth directly.
The steps of the procedure for matching at a frequency, fm, and calculating
the associated bandwidth are outlined below.
1. Determine the reactance, Xmatch, required to negate the reactance of
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the load.
Xmatch = −Im{ZL (fm)}
2. Compute the matching capacitance or inductance.
Inductor (Xmatch > 0):
L =
Xmatch
2pifm
Capacitor (Xmatch < 0):
C =
−1
2pifmXmatch
3. At each frequency, f , across a wide band, compute the reactance asso-
ciated with the matching capacitance or inductance.
Inductor:
X(f) = 2pifmL
Capacitor:
X(f) =
−1
2pifmC
4. Apply the reactance to the impedance at f .
Zin(f) = ZL(f) +X(f)
5. Compute S11(f) using RL = Re{ZL} as the characteristic impedance
in order to mimic an ideal transformer.
S11(f) =
Zin(f)−RL
Zin(f) +RL
6. Find the -10 dB bandwidth about fm from S11(f).
The entire routine was repeated at each simulated frequency. This yielded
plots of intrinsic bandwidth versus frequency. Also, the maximum intrinsic
bandwidth was logged for each back plane distance. Maximum intrinsic
bandwidth versus back plane distance was also plotted. The plots of intrinsic
bandwidth and maximum intrinsic bandwidth are shown for two feed offsets,
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o = 0 and o = 0.13λ, in Figures 4.6–4.9. The abrupt changes in bandwidth
are due to the joining of an adjacent S11 null with the primary matched
null. When the S11 between the nulls falls below -10 dB, the bandwidth
spans both nulls, causing a jump in the intrinsic bandwidth plot (e.g., the
h = 0.10λ trace at f/f0 = 0.975 in Figure 4.6(a)). At most frequencies, the
serrated ground plane bandwidth is greater than that of the normal ground
plane. However, the bandwidth advantage does not grow with decreasing
back plane distance as it did for the L-network bandwidth. Instead, the
bandwidth is similar (Figure 4.7) or lower (Figure 4.9) for h = 0.01λ.
A range of narrower ground plane widths were also simulated. These sim-
ulations were chosen specifically to study far-field radiation, and that is dis-
cussed in Chapter 5. The intrinsic bandwidth of these additional configura-
tions was assessed and a sample of the results is shown in Figures 4.10–4.12.
For w = 0.75λ (Figure 4.10), the maximum bandwidths are similar for both
back planes. However, the bandwidth maximums for the serrated backplane
are found on narrow peaks. It may be impractical to match the antenna at
these exact frequencies. A slight shift in the frequency of the match would
result in much lower bandwidth. The normal back plane bandwidth changes
more gradually with frequency. At frequencies other than those of the peak
bandwidths, the serrated back plane exhibits mostly lower bandwidth than
that of the normal back plane. For this configuration of the antenna we can
conclude that adding serrations will likely reduce the bandwidth.
From Figure 4.11 we can see that when the antenna is widened to w = 0.9λ,
the serrations can either increase or decrease the bandwidth depending on
the back plane distance. For the case where h = 0.1λ, the serrations increase
the maximum bandwidth from 6% to 10%. At h = 0.03λ, the serrations
decrease the maximum bandwidth from 4% to 2%. At w = λ (Figure 4.12),
the serrations increase the maximum bandwidth for h = 0.1λ. Serrations
increase the bandwidth marginally for h = 0.03λ.
With a w = 4λ ground plane the serrations were shown to increase the
bandwidth. When the width was reduced, the serrations did not have the
same consistent effect on bandwidth. Instead, the impact serrations had on
bandwidth was positive, neutral, or negative depending on h and w. More
sample points must be gathered to determine trends and establish design
principles for selecting ground plane width.
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4.3 Figures
(a) Series-Left.
(b) Series-Right.
Figure 4.1: The two configurations for L-network matching. The series and
parallel components are marked Z1 and Z2 respectively.
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(b) Serrated back plane.
Figure 4.2: The input impedance, before and after matching, for a slot fed
0.13λ from the center with h = 0.02λ.
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(a) Normal back plane.
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Figure 4.3: The input impedance, before and after matching, for a slot fed
0.13λ from the center with h = 0.1λ.
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(a) Center-fed.
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(b) Feed offset by 0.03λ.
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(c) Feed offset by 0.05λ.
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(d) Feed offset by 0.08λ.
Figure 4.4: The bandwidth when matched with an L-network for feed
offsets 0.00–0.08λ.
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(a) Feed offset by 0.10λ.
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(c) Feed offset by 0.16λ.
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(d) Feed offset by 0.18λ.
Figure 4.5: The bandwidth when matched with an L-network for feed
offsets 0.10–0.18λ.
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(b) Serrated back plane.
Figure 4.6: The intrinsic bandwidth when the slot is fed at the center.
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Figure 4.7: The maximum intrinsic bandwidth when the slot is fed at the
center.
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(b) Serrated back plane.
Figure 4.8: The intrinsic bandwidth when the slot fed 0.13λ from the center.
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Figure 4.9: The maximum intrinsic bandwidth when the slot is fed 0.13λ
from the center.
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(b) Serrated back plane.
Figure 4.10: The intrinsic bandwidth when the slot fed 0.13λ from the
center and the ground plane width is 0.75λ.
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(b) Serrated back plane.
Figure 4.11: The intrinsic bandwidth when the slot fed 0.13λ from the
center and the ground plane width is 0.9λ.
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Figure 4.12: The intrinsic bandwidth when the slot fed 0.13λ from the
center and the ground plane width is λ.
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CHAPTER 5
RADIATION CHARACTERISTICS
In order to determine if there are configurations in which the ground plane
serrations significantly affect the radiation pattern, simulations were per-
formed for a broad range of configurations, and the results for a serrated
ground plane were compared with those for the normal ground plane.
5.1 Discussion
Antennas with back plane distances of λ
5
, λ
10
, and λ
30
were simulated. For
each back plane distance, the antenna width was varied from 3λ
4
to λ. Much
narrower widths were used for this study since we are concerned with the
radiation characteristics. The range of widths was chosen so that the inner
edge of the serrations would be varied from λ
4
to λ
2
. Keeping the spacing
between serrations under λ
2
would minimize the number of radiation pattern
nulls, should the slot and two serrated edges radiate simultaneously. The
simulation frequency domain was configured for a 25% bandwidth, centered
about f0. The port offset, o, was fixed at 0.13λ for all simulations. For all
simulations, the antenna was oriented as shown in Figure 2.1.
Plots showing gain as a function of θ were generated for φ = 0◦. This cut is
of primary interest because it includes the dominant slot radiation at θ = 0◦
and any radiation that might be escaping in the directions normal to the
serrated edges (θ = −90◦, 90◦). In order to identify any trends and outliers,
traces for 20 equally spaced frequencies and all widths were displayed on the
same plot. These plots for h = λ
5
, h = λ
10
, and h = λ
30
are shown in Figures
5.1, 5.2, and 5.3 respectively.
The θ-polarized gain patterns vary with frequency and ground plane width,
but for most configurations the serrated ground plane patterns bear close
resemblance to those of the normal ground plane. The φ-polarized pat-
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Table 5.1: φ-Polarized gain at φ = 0◦, θ = 90◦
.
Gain (dB)
h Normal Serrated
λ
5
−30.1 −9.4
λ
10
−25.0 −4.7
λ
30
−24.4 0.8
terns, however, are distinctly different. The normal ground plane yields a
φ-polarized pattern with nulls at −90◦, 0◦, 90◦, and 180◦ while the serrated
ground plane has a pattern resembling that of a dipole, with nulls at 0◦ and
180◦. The magnitude of the φ-polarized gain is much smaller than the θ-
polarized gain for h = λ
5
and therefore the difference between normal and
serrated, seen in the φ-polarized pattern, has little impact on the overall an-
tenna performance at this back plane distance. However, the magnitude of
the φ-polarized gain increases with decreasing back plane distance as shown
in Table 5.1.
Far-field radiation at the angle φ = 0◦, θ = 90◦ that is φ-polarized must
originate from a y-directed electric near-field. For the λ
10
configuration with
maximum φ-polarized gain (w = λ, and f = 1.12f0), the electric field was
calculated in a plane positioned halfway between the ground and back planes
and oriented parallel to them. Figure 5.4 shows the electric field for the
λ
10
configuration with maximum broadside gain, w = λ, f = 1.12f0. The
electric field plot shows that a standing-wave pattern develops between the
normal ground plane and backplane for this configuration. The electric field
between the serrated ground plane and its back plane is much weaker and the
standing wave pattern is much less pronounced. This is because the serrations
are performing as intended, allowing the energy that would otherwise be
trapped in the parallel-plate mode to escape. However, in this case, the
radiation pattern is not changed substantially because the coupling to the
parallel plate mode is weak and the amount of energy that escapes via the
serrations is small. The field strength is maximal in the slot, and the radiation
characteristics of the antenna are dominated by radiation that originates from
the slot.
The electric field is much different for the configuration with maximum φ-
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polarized gain at θ = 90◦. The electric field for this configuration (w = 0.9λ,
f = 0.94f0) is shown in Figure 5.5. In this configuration the electric field
of the antenna with a normal ground plane again shows a standing wave
pattern, but the serrated structure also exhibits a standing wave pattern. In
fact, the field strength near the serrations is much stronger than the field
in the slot. As a result, the radiation pattern will be largely determined
by the serrations. This explains why the θ-polarized gain pattern for the
serrated case (Figure 5.2(d)) was much different than that of the normal
case (Figure 5.2(b)). Though radiation at the serration accounts for this
difference, there is another more important effect on the radiation pattern.
The φ = 0◦ cut does not capture the maximum gain. Instead of occurring
along the +z direction, the peak gain occurs in the positive and negative y
direction as seen Figure 5.6. The strong standing wave pattern seen in the
electric field near the serrations is due to currents flowing primarily in the
x direction. The currents are established such that current peaks occur on
every third serration point as shown in Figure 5.7. By stepping through the
phase progression of the electric field and currents, it was observed that the
current peaks in the −y half of the antenna are synchronized but lag those
in the +y half by approximately 20◦. The cumulative effect of the spacing
and phase offset is that the serration currents function as an end-fire array.
A similar behavior occurs in a number of other configurations including
the maximum φ-polarized gain case for h = λ
30
. Figure 5.8 shows the gain at
φ = 90◦ for this case. The maximum gain is 10.0 dB. Another example with
the end-fire radiation behavior occurs at h = λ
30
, w = 3λ
4
, and f = 1.12f0.
The three-dimensional gain pattern is shown in Figure 5.9 and the φ = 90◦
cut is shown in Figure 5.10. In this case there is a single main lobe at θ = 104◦
with a peak gain of 21.1 dB. To put this in perspective, the directivity, D0,
for an ordinary end-fire array the same length as this antenna is given in [21]
as
D0 ' 4
(
L
λ
)
= 4
(
4λ
λ
)
= 16 = 24 dB
where L is the length of the end-fire array, 4λ.
In summary, the radiation patterns for the serrated ground planes differed
significantly for the high-gain, end-fire cases but were otherwise quite similar.
Although the highly directive, end-fire radiation patterns are generally unde-
sirable for RFID, they could be useful in other applications where a directive
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pattern is desirable. Also, the directivity achieved was possible because of
the long aperture in the y-direction (l = 4λ). If desired, lower directivity
could be achieved by reducing the ground plane length.
5.2 Figures
(a) Normal ground plane, θ-polarized. (b) Normal ground plane, φ-polarized.
(c) Serrated ground plane, θ-polarized. (d) Serrated ground plane, φ-polarized.
Figure 5.1: The gain at φ = 0 for h = λ
5
. All simulated widths and 20
equally spaced frequencies are shown.
43
(a) Normal ground plane, θ-polarized. (b) Normal ground plane, φ-polarized.
(c) Serrated ground plane, θ-polarized. (d) Serrated ground plane, φ-polarized.
Figure 5.2: The gain at φ = 0 for h = λ
10
. All simulated widths and 20
equally spaced frequencies are shown.
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(a) Normal ground plane, θ-polarized. (b) Normal ground plane, φ-polarized.
(c) Serrated ground plane, θ-polarized. (d) Serrated ground plane, φ-polarized.
Figure 5.3: The gain at φ = 0 for h = λ
30
. All simulated widths and 20
equally spaced frequencies are shown.
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(a) Normal ground plane.
(b) Serrated ground plane.
Figure 5.4: The electric field between the ground plane and back plane for
h = λ
10
, w = λ, and f = 1.12f0. The structure and fields are symmetric in
the y-z plane and only the +x portion is shown.
(a) Normal ground plane.
(b) Serrated ground plane.
Figure 5.5: The electric field between the ground plane and back plane for
h = λ
10
, w = 0.9λ, and f = 0.94f0. The structure and fields are symmetric
in the y-z plane and only the +x portion is shown.
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(a) Total gain. (b) φ-Polarized gain. (c) θ-Polarized gain.
Figure 5.6: The gain for h = λ
30
, w = 0.95λ, and f = 0.956f0.
(a) Normal ground plane.
(b) Serrated ground plane.
Figure 5.7: Surface currents for h = λ
10
, w = 0.9λ, and f = 0.94f0.
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(a) Normal ground plane. (b) Serrated ground plane.
Figure 5.8: The φ-polarized gain (blue trace) and θ-polarized gain (orange
trace) at φ = 90◦ for h = λ
30
, w = 0.95λ, and f = 0.956f0. The θ-polarized
gain is less than -40 dB for all θ.
Figure 5.9: The total gain for the end-fire configuration where h = λ
30
,
w = 3λ
4
, and f = 1.12f0.
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(a) Normal ground plane. (b) Serrated ground plane.
Figure 5.10: The φ-polarized gain (blue trace) and θ-polarized gain (orange
trace) at φ = 90◦ for h = λ
30
, w = 3λ
4
, and f = 1.12f0. The θ-polarized gain
is less than -40 dB for all θ.
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CHAPTER 6
CONCLUSION AND FUTURE WORK
Reducing antenna thickness is critical in both RFID and wearable applica-
tions, and an antenna can be backed with a conductor to make it placement-
insensitive. However, applying the conductive backing and at the same time
minimizing the antenna height diminishes the antenna impedance bandwidth
and radiation efficiency. A means for improving the bandwidth and efficiency
of a conductor backed antenna was proposed in [4]. There, the ground plane
of a conductor-backed slot antenna was treated with edge serrations. In this
work, the serrated slot antenna was further explored. We established the
relationship between thickness and bandwidth for this design, and in light of
this understanding, provided the following design guidelines:
• Increasing the antenna height will increase bandwidth for both normal
and serrated ground planes.
• When the ground plane is much larger than a wavelength, serrations
can be applied to increase the bandwidth. The bandwidth advantage
increases as the antenna height is reduced.
• For ground planes less than one wavelength wide, the effects of serra-
tions cannot be generalized. Adding serrations can increase or decrease
impedance bandwidth depending on the particular antenna width and
height.
• In general, the ground plane serrations provide a relatively small in-
crease in directivity. The notable exceptions are the cases where the
serrations behave like an end-fire array, where the effects are a shifted
beam angle and a large increase in directivity.
Measurement-validated simulations were used to compute impedance for
a wire array of antenna configurations. The key variable considered was
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antenna height (i.e., back plane distance). The serrated and normal ground
plane were compared in all cases. Other secondary variables were feed point
offset and antenna width.
The impedance bandwidth was determined for L-network matching and
according to the definition of intrinsic bandwidth. It was observed that the
bandwidth decreased for both serrated and normal ground planes. However,
when looking at the L-network matching bandwidths, the bandwidth de-
creased less for the serrated antenna. The advantage of the serrated ground
plane over the normal ground plane grew as the antenna height decreased.
This can be explained by an increased coupling to the parallel plate modes.
This explanation is consistent with the decreasing guide impedance of the
parallel plate modes, and it is reinforced by increased edge-directed radia-
tion – radiation that is only present in the serrated case. When designing
a conductor-backed slot antenna, the thickest height that can be tolerated
should be used. If the height will be significantly less than λ
20
, serrations
will offer improved bandwidth when used with an L-network match at the
design frequency. Exploration of the impedance with the intrinsic bandwidth
calculation may reveal other frequencies near the design frequency that yield
significantly higher bandwidth, and in some instances the normal ground
plane may have a greater maximum bandwidth.
The radiation characteristics of the conductor-backed slot antenna were
also considered. The serrated and normal ground planes were found to be
very similar with two notable exceptions. First, the peak gain was slightly
higher for the serrated antenna, suggesting that the serrations are radiating.
If currents near the serrations are radiating, the aperture for the antenna
is widened beyond the slot itself, and the directivity increases. The second
notable way that the radiation patterns differed was that for some select
spacings, widths, and frequencies, very large gains were observed in a direc-
tion nearly collinear with the long edge of the slot. Looking at the fields and
surface currents it was apparent that the serrations were behaving like an
end-fire array. This may be a condition to avoid or to exploit depending on
the application.
Over the course of this work, we posed a number of questions that remain
open for future exploration. Several key areas for future work are radiation
efficiency, coupling between the slot and parallel plate modes, the effects
of a dielectric substrate, the impact of serrations for antennas with smaller
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thickness, and exploring the end-fire radiating mode of the serrated ground
plane antenna.
The effect of edge serrations on radiation efficiency should be considered.
In addition to impedance bandwidth, radiation efficiency can be a limiting
performance factor for low-profile, conductor-backed antennas. The radiation
efficiency can be explored in the same manner that impedance bandwidth
was explored in this work. The simulation models can be reconfigured to
accurately calculate radiation efficiency, and the simulations can be validated
using the Wheeler method described in [22].
Transmission line models exist for the slot antenna, parallel plate modes,
and serrations. However, these have not been assembled into a single model
for the conductor-backed serrated slot antenna. An important missing piece
is the coupling mechanism between the fields of the slot and those of the par-
allel plate. If this coupling can be characterized, a complete transmission line
model could be assembled. Such a model would provide impedance band-
width solutions more rapidly than CEM simulations. Also, circuit models
provide useful insight into the behavior of the antenna.
In this work, the space between the ground plane and back plane was filled
with air. This was done to permit the measurement of a wide range of back
plane spacings using the adjustable back plane fixture. Many practical real-
izations of this antenna will incorporate a dielectric substrate, as was the case
in [4]. The addition of a dielectric material may affect the amount of energy
coupling into the parallel plate modes. It will also affect the fringing fields
at the serrations. As a result, the impedance and radiation characteristics
may be affected.
The thickness of the antenna in [2] was 0.0002λ while the smallest height
considered here was 0.01λ. The dominant trend reported in this work was
that the bandwidth advantage of the serrations grew as the thickness of the
antenna was reduced (though the overall bandwidth declined dramatically for
both). It remains to show that this trend continues down to the thicknesses
relevant in peel-and-stick applications and to determine the actual bandwidth
advantage at those small thicknesses. Also, the edge-directed radiation grew
as the thickness was reduced. If this trend continues, the overall radiation
pattern may change dramatically. The observed trends for bandwidth and
radiation should both be investigated at smaller thicknesses.
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Finally, the end-fire radiation mode of the serrated slot could be further
explored. A better understanding of the gain and bandwidth for this mode
would provide insight into its potential utility. It would also be useful to
determine if there are practical means for shifting the beam. It seems this
may be possible, as the beam peak was observed at several different angles.
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